This is a sequel to a study of the empirical estimation of the annual-mean temperature at any location on land, using only geographical information -latitude, elevation, distance from the nearer ocean shore at the same latitude -and coastal sea-surface temperature. Here long-term mean station data and NCAR=NCEP (National Center for Atmospheric Research=National Centers for Environmental Prediction) global re-analysis data are used to describe and estimate spatial patterns of annual range of monthlymean temperatures. The two key influences on annual range are the latitude and the distance from the upwind shore. Secondary factors include mountain barriers, shape of the local topography, elevation, and vicinity to large bodies of water. An empirical relationship is derived, based on the two key factors alone, assuming zonal winds and adjustments for the effects of mountain barriers and for the proximity to a sea to the north or south. An independent test of this relationship yields errors around 1.0 K. The range estimates yield January and July average temperatures when combined with annual-mean temperatures. Such estimates also carry an uncertainty of about 1.0 K. The procedure can be inverted, i.e. knowledge of the annual mean and range can be used to infer location.
Introduction
There are several reasons for understanding geographical factors affecting the climate of a place, and they were considered in a previous paper (Linacre and Geerts, 2002, referred to as LG02) . That dealt with estimating the annual-mean temperature for a given latitude, elevation, distance inland from the coast, and coastal sea surface temperature (SST). The most accurate method of annual-mean temperature estimation involved average absolute errors of 0.7 K. Here we extend that study to allow estimation of the average temperatures of the warmest and coldest months, from similar geographical information.
The true ATR (annual temperature range) is here defined as the long-term mean difference between the monthly-mean temperatures of the warmest and coldest months. This range does not always equal the apparent ATR, i.e. the absolute difference between the January and July mean temperatures.
The ATR is a key climate parameter and a determinant of ecosystem variability. Several paleoclimatological studies, for instance, have attempted to reconstruct ATR variations, using proxy records (e.g. Andreasson and Schmitz, 1996, 2000) or general circulation models (GCMs) (e.g. Renssen and Isarin, 1997) , as a way of characterizing paleo-environments. Warm-season temperatures vary much less, geographically, than do cold-season temperatures. For instance, Miami is 43 K warmer in January than Fairbanks, in Alaska, but only 11 K warmer in July. Ecosystems are quite sensitive to the minimum temperature. The definition of the U.S. Department of Agriculture Plant Hardiness zones, for instance, is based merely on the lowest temperature one can expect in any year at a given location (Cathey, 1990) .
The ATR varies from year to year. Generally the standard deviation is larger at places where the ATR itself is larger. Interannual variations of ATR have long been studied (e.g. Conrad, 1940) and have been related to such teleconnection patterns as the El Niñ no Southern Oscillation (e.g. Jones, 1999) , or the Pacific North American pattern (Konard, 1998) . There may also be a longterm trend in ATR. GCMs indicate that increased atmospheric concentrations of greenhouse gases will warm the coldest month more than the warmest month, especially at higher latitudes, in other words the ATR should decline, as has been observed for the diurnal range (Mearns et al., 1995; Watterson, 1997) . In fact this reduction in ATR has been observed in some regions, such as Alaska (Stafford et al., 2000) . Therefore it is important to understand the ATR and monitor historical changes. Here we deal with the climatological ATR, and ignore internannual and long-term variations.
Factors influencing the ATR on land include distance from the upwind shore and latitude. For instance, Linacre (1969) related the ATR to the distance inland and the annual range of monthly-mean solar radiation, which is a function of latitude. Other factors include the effects of mountain ridges, which inhibit low-level advection and dehydrate an airmass that does transgress. (A larger ATR tends to occur in drier air because of the paucity of clouds and because water vapor is a greenhouse gas.) The shape of the local terrain, the elevation, the vicinity to inland seas, land use and land cover, and the annual range of the SST off the upwind shore also may influence ATR. We shall consider those, except the effects of land use and urbanization, which are addressed separately (Geerts, 2002a) . This paper illustrates how these factors affect ATR, and establishes and tests an empirical relationship between basic geographic patterns and ATR. Some of the data that we use come from the book by Linacre and Geerts (1997) , hereafter referred to as LG97, and from Linacre (1992) i.e. L92. The main resources have been a) the International Station Meteorological Climate Summary, version 4.0, issued on a CD-ROM by the US National Climate Data Center in 1996 (referred to as ISMCS), and b) the NCAR=NCEP global re-analysis of weather station, buoy and satellite data between 1968-96 (Kalnay et al., 1996) (referred to as NNGR). The NNGR resolution is 2.5 degrees and 12 hours. Monthly-mean NNGR data can be accessed at http://www.cdc. noaa.gov/.
First it is shown that latitude alone explains only part of the observed ATR variation. Next the annual range of coastal SST is related to the range of surface-air temperatures at coastal stations, which demonstrates the importance of upwind distance from shore. The latter is examined further in Section 3. Section 4 addresses the influence of topography. A simple method to deduce ATR from key geographic factors is tested for 50 places, and it is combined with an estimation of annual-mean temperature (LG02) to derive January and July mean temperatures. Finally, the inverse process is demonstrated, i.e. the deduction of geographic information from observed annual mean and range.
Effect of latitude on annual temperature range

Global perspective
The latitudinal variation of the true ATR R t is seen in Fig. 1 . The true range R t was calculated for each grid point of the NNGR data, before it was zonally averaged. The true ATR is small in the equatorial belt, and it generally increases with latitude. It can be seen that R t varies differently in the two hemispheres, being less in the south, especially between 30-60 S, where there is more ocean. In fact at higher latitudes the ATR correlates well with the areal fraction of land surface at that latitude (LG97 p. 62).
The Arctic region is an exception, consisting largely of ocean, but this ocean is largely covered by ice, so the winters can be quite cold, since surface heat fluxes from sea ice are not much larger than those over land. Without the ice the Arctic would be more humid, supporting more clouds, implying a smaller ATR. There is some decrease in ATR north of $ 70 N, because the area of Arctic sea ice in late summer is only about 26% less than in late winter, so the Artic Sea remains considerably cooler than the surrounding boreal continents in summer.
There is some asymmetry of extra-terrestrial radiation (Q x ) about the equator. More Q x is received in the southern summer than in the northern summer, because of the Earth's present orbital characteristics: the perihelion is nearly coincident with the northern winter solstice. Therefore there is more wintertime Q x in the north (e.g. N (L92, p. 323). As a result, the latitude of the least annual range of Q x is not the equator but 4 N (Linacre, 1969) , and this also applies to the ATR R t (Fig. 1) .
This study focuses on apparent range R j , however R j is not always the same as true range R t . The extreme months are almost always January and July at middle and high latitudes. A notable exception is found along the coast of northern California, where northerly winds in summer induce upwelling and low SST values. The warmest month is September in San Francisco, for instance. Other places with coastal upwelling and anomalously low SSTs, such as the coastal areas of SW Africa and central Chile, do not experience such a lag, because the wind does not shift seasonally and upwelling continues year-round. The apparent range R j is often less than R t at low latitudes, especially in the northern hemisphere. The warmest month occurs in spring in areas affected by zenithal rains or monsoons. For instance, May is the warmest month in much of India between 18-28 N. The difference between the two ranges [R t -R j ] will be called the 'ATR adjustment' A. Its variation with latitude is seen in Fig. 2 , following a procedure like that for Fig. 1 . The ATR adjustment is largest around 10-15 N, where the zenithal rain period tends to be well-defined. This Negative latitudes refer to the southern hemisphere Fig. 2 . The zonal-mean adjustment from the apparent range R j to the true range R t , i.e. the difference [R t -R j ]. The 'observations' are based on NNGR, for continental areas only. The thin, dashed line indicates adjustment values as suggested by Pearce and Smith (1990) , PS90, and the bold dashed line represents Eq. (1) is reflected in the ATR adjustment values suggested by Pearce and Smith (1990) (Fig. 2) . A better approximation to the curve of observations of [R t -R j ] over land is shown in Fig. 2 and is given by the following: (Note that as in LG97 differences of temperature are expressed in Kelvin, whereas temperatures themselves are expressed in degrees Celsius.)
The ATR adjustment actually is asymmetric about the equator (Fig. 2) , partly because of the Earth's orbital conditions, partly because there is more land (and hence stronger monsoons) between 20-30 N than between 20-30 S (Fig. 1 ). But this asymmetry will be ignored.
The global variation of the true range R t (Fig. 3 ) shows that the two dominant factors affecting ATR are:
(a) latitude -the ATR increases with latitude; (b) distance inland -as an example, compare the range of 39 K at Ulaan Baatar in Mongolia (9000 km inland from the Atlantic Ocean at 48 N), to a value of 6.7 K at San Pedro, at the same latitude south in Chile (LG97, pp. 62 & 220) . The ATR near east coasts of the northern continents at mid-latitudes is larger than near west coasts. As a result, the ATR contours ( Fig. 3) produce in a distorted image of Asia and North America. In areas without north-south mountain chains, the range steadily increases inland from the upwind coast, as in Eurasia. The same applies inland from any coast where winds are weak or seasonally variable, as in much of Australia.
The following two factors appear also to be significant ( Fig. 3): (c) blocking terrain -the ATR gradient is large in areas with one or more high mountain ranges that block the penetration of marine air, for instance in western North America or southern South America; (d) inland seas -these appreciably mitigate the ATR in adjacent (downwind) coastal areas, and this effect increases with the sea's size. For instance, the ATR is anomalously small over the Mediterranean, Black, Caspian and Baltic Seas (Fig. 3) . Even the Great Lakes have an influence, although the impact of the Hudson Bay is small, notwithstanding its size, presumably because it largely freezes in winter.
The effect of elevation is not obvious in Fig. 3 . For instance the ATR is not unusually low or high over the Tibetan highland, where it gradually increases from south to north. In short, Fig. 3 indicates that factors (a-b) need to be considered Fig. 3 . Global distribution of the true ATR R t (after Wallace and Hobbs, 1977; p. 349) . The coastlines are shown by thin contours first, and that these need to be isolated to understand the effects of (c-d) on ATR.
Meridional gradient
Both Fig. 4 in Legates and Willmott (1990) and Fig. 3 herewith indicate that the annual range of surface air temperature over the oceans, R to increases with latitude, most rapidly at mid-latitude western ocean margins. The best linear fit of R to (based on the NNGR) with latitude L (degrees, either north or south) between 60 S-60 N implies a gradient of 0.14 K= :
The meridional gradient of ATR is larger over land (Fig. 3) . The NNGR data suggest that the ATR gradient over land is fairly constant between 5-65 N, at about 0.53 K= (Fig. 1 ). This is consistent with an ATR gradient of 0.56 K= for five stations at 90 W in North America, and a value of 0.65 K= for five stations at 90 E in East Asia. Across Europe and western North America the ATR gradient is smaller, at about 0.4 K= (Pearce and Smith, 1990) . The ATR gradient is much smaller in the southern hemisphere (Fig. 1) , and is negative between 40-55 S. But most 'land gridpoints' included in Fig. 1 between 35-60 S represent coastal or island locations, i.e. mainly ocean conditions. The gradient of apparent ATR is around 0.37 K= in South America (LG97, p. 63), while 34 places in Southern Africa yield 0.34 K= (LG97, p. 370), and ten places in Australia yield 0.25 K= . In summary, a typical meridional gradient of apparent ATR R j over land is 0.5 K= in the northern hemisphere and 0.3 K= in the south. These figures can be used to adjust the observed ATR at places to values at a nearby common latitude.
Ranges of coastal sea-surface temperatures
The annual range of SST at the oceans' edges, R s , is shown in Fig. 4 , assuming that February (Sverdrup et al., 1946; LG97, p. 221) Empirical estimation of the annual range of monthly-mean temperaturesand August are the months of highest and lowest monthly-mean SSTs (Reynolds and Smith, 1995) . Coastal SST ranges are different from typical annual ranges of air temperature out at sea (Section 2.2). It can be seen that ranges are small on west coasts, averaging about 4 K. They vary irregularly with latitude, being least at 10 N and increasing with latitude at about 0.08 K= . The small value of R s around [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] N is due to the upwelling of cold deep-water off California and northwest Africa. This upwelling occurs mainly or only in summer.
The SST range increases more rapidly with latitude from the equator up to 30 S and 40 N along east coasts, from 0.2 to 0.4 K= . Westerly air currents, modified by a long fetch over land, blow off the east coasts of Asia and N. America near 40 N, explaining the large range R s off east coasts. But R s decreases at higher latitudes. In the northern hemisphere, the decrease is due to the cold Oya Shio and Labrador ocean currents, which are cold in summer and no colder than 0 C in winter. In the south, R s decreases slightly towards 40 S because of the thermal inertia of the vast Antarctic circumpolar current south of Africa and Australia.
In summary, the annual range of the coastal SST is small, and its variation with latitude is irregular, depending on boundary currents and upwelling.
The coastal onshore range
The January=July ATR at weather stations at the coast R jc was compiled for 84 weather stations within 10 km from a coast. Half of these stations are near the Pacific coast of the Americas, the other half near the Atlantic coast (Fig. 5) . The ATR is almost zero at 5 N but increases poleward from there, faster to the north (where the continent widen with latitude) and less fast to the south (where the east and west coasts converge to a point). The asymmetry between north and south is particularly evident along the east coast, where the ATR increases at $ 0.3 K= in the south but at $ 0.6 K= in the north. The ATR increase along the east coast is most rapid around 30 N, which is the latitude of the Bermuda high, separating onshore winds to the south from offshore (westerly) winds to the north.
The coastal air temperature range R jc is 45% larger than the SST range R s along the west coast, but the variation with latitude is similar. For instance, R jc and R s have the same minimum around 40 N along the west coast. In other words the ATR at places near west coasts is strongly affected and damped by the ATR of the offshore waters. On the east coast, R jc behaves differently from R s , especially north of 40 N, and the ratio of R jc to R s increases with latitude, from 1.5 at 25 N to 5.0 at 60 N. The wintertime east-coastal air temperatures at 60 N are far below 0 C, and appear decoupled from the adjacent ocean. This decoupling is due to prevailing westerly (offshore) winds. This suggests that the ATR at coastal stations is strongly affected by the prevailing wind direction.
This conclusion is corroborated by the ATR at coastal stations on opposite sides of the northern Atlantic Ocean (Fig. 6 ). Westerly winds prevail at latitudes above 25 N (30 N) in January on the western (eastern) side of the Atlantic. Winds are primarily easterly at lower latitudes. The separation between easterly and westerly winds is about 5 further north in July, as the Bermuda high shifts poleward. As a result, North America's eastern seaboard has cold winters but warmer summers than Western Europe between 25-45 N. At higher latitudes, the cold Labrador Current and the icy coast of Greenland complicate matters, but the ATR remains significantly smaller in Great Britain and Norway than at comparable latitudes on the North American east coast.
In summary, the ATR at coastal stations is larger than the SST range, and is controlled by the ATR of the waters offshore if the prevailing wind is onshore.
3. Effect of distance inland on annual temperature range 3.1 Distance to the nearest shore versus fetch
The seasonal variation of screen temperature over a land surface is much larger than that over sea because of mixing in the top layer of the ocean, the high thermal capacity of water and more evaporation from the ocean (LG97, p. 62). Therefore a given seasonal variation of incoming solar radiation creates a larger change of air temperature over land than over the ocean. Hence the temperature gradient across a coastline reverses seasonally. In the absence of wind, this gradient would be very large.
The increase of ATR with distance from the sea seen in Fig. 3 is often referred to as 'continentality' (e.g. Barry and Chorley, 1998; p. 35) . However, that vague abstraction is sensitive to latitude. The ATR is negligible in both the Amazon and the Congo Basins, yet the characteristics of precipitation systems in the latter are much more 'continental' than in the former (Peterson and Rutledge, 2001) . The term 'continentality' is ill-defined and unnecessary; it is better to use the ATR itself as a direct, specific and measurable quantity (L92, p. 319).
The fetch is an estimate of the actual length of the overland track of the wind. It determines the extent to which a maritime airmass is modified towards a thermal equilibrium with the underlying land surface. It might be argued that the reduction of ATR over land depends, not on the distance, but on the time the airmass spends overland, which is inversely proportional to the wind speed. Alone, that implies that the stronger the wind, the larger the reduction of ATR. But that is offset by another factor, the increased rate of sensible heat transfer between surface and air, at higher wind speeds. The result is that the thermal adjustment in approximately proportional to the length of the overland track.
The variation of ATR with distance to the nearest shore in Australia is shown in Fig. 7 . The ATR is 'adjusted' for latitude to minimise Empirical estimation of the annual range of monthly-mean temperaturesthe effect of latitude (Section 2.2). The data suggest that the ATR increases rapidly from the coast, but reaches a ceiling about 500 km from the coast. The rapid change near the coast may be due to sea breezes, which imply lower daytime maxima in summer, and therefore a cooler warmest month. Sea breezes do affect the annual mean temperature in a narrow belt, perhaps 20 km wide, becoming insignificant around 75 km inland (LG02). The impact of sea breezes, intermittent onshore flow, and cloudiness on temperature range near a coast are addressed in a separate study (Geerts, 2002b) .
Inland places in the southeast, such as Mildura and Broken Hill, have a lower adjusted ATR than places at similar distances inland in the interior and northwest, such as Meekatharra. Australia is largely under the belt of subtropical highs, so the wind is generally weak and variable, but southwesterly winds are more common in the southeast, while easterly winds prevail around Meekatharra. In other words, the typical fetch in the northwest is much longer than the distance to the nearest coast.
Wind direction
Trajectories of air reaching a given location over land vary from day to day and rarely follow a straight zonal path from the adjacent ocean. Yet a clear prevalence of certain wind directions exists in many areas. Zonal winds are generally stronger and more persistent than meridional winds ( Fig. 8 ), but they may vary seasonally.
Therefore, as a first-order approximation, we assume that the distance inland, d (km), is the zonal distance from the 'upwind' coast, either to the east or to the west, depending on latitude (Table 1 ). This distance is always less than the average fetch.
Zonal winds reverse direction between seasons in some regions, especially in 'monsoonal' regions (LG97, p. 247) (Fig. 8 , Table 1 ). Most of south Asia is monsoonal. Such areas are commonly accompanied by a notably seasonal variation of rainfall. For example Shanghai's prevailing winds shift between seasons, and its rainfall in July is around three times what it is in January (Pearce and Smith, 1990, p. 221) . If the prevailing zonal wind direction varies seasonally, according to Table 1 , then distances from both east and west coasts are needed to estimate the ATR. A large value of the distance d is appropriate for Shanghai in January, when surface air generally is advected across Eurasia, but d is small in summer when air reaching Shanghai usually travels across the adjacent East China Sea.
Meridional winds
In some regions the prevailing wind is southerly or northerly, and the meridional component often changes seasonally (Fig. 8) . The ATR is enhanced where winds blow mainly poleward in summer and equatorward in winter, for instance in the southeastern USA, where winds tend to be southerly in July and northwesterly and more variable in January. But it is reduced where the opposite is true, as along the coast of Oregon. The effect of reversals of the mean meridional wind appears to be relatively small. For instance, the ATR is 3 K less in Calcutta (with southerly winds in July and northerlies in January) than in Hong Kong, which is at the same latitude of 22 N and similarly located north of an ocean, but without the seasonal reversal of the meridional component of the wind.
The prevailing winds in the central plains of the United States are westerly in winter and southerly is summer (Fig. 8) . So the fetch is less in summer, when warm, moist air flows from the Gulf of Mexico under the influence of the Bermuda high. This is consistent with the gradient of July-average dewpoints, the dewpoint declines northwestwards from the Atlantic and Gulf coasts (Robinson, 1998 (Robinson, , p. 1543 .
Wintertime dewpoint values are highest in the northwest and decrease eastward to the Great Plains, as Pacific storms progressing inland gradually lose their water vapor. The effect of this change in prevailing wind direction on the ATR appears small. The reason is that southerly winds advect very little heat in summer, because the Great Plains are about isothermal with the Gulf of Mexico.
In summary, the impact of the mean meridional wind component, and its seasonal variation, can be ignored for simplicity in estimating the ATR.
Variation of annual range inland
The variation of ATR across Eurasia at 50 N is shown in Fig. 9 . Observed ATR values have been adjusted to a common latitude (Section 2.2), though the adjustment is small since all stations used in Fig. 9 lie between 48.2-51.1 N. The transect is uniquely long, does not traverse any Fig. 9 . The east-west variation of the apparent ATR R j across Eurasia at 50 N, starting at the west coast of France. The horizontal arrows indicate the locations of adjacent seas to the north (upward arrow) or to the south (downward arrow). The 'topography' curve shows the station elevations major mountain ranges, and is parallel to the prevailing westerly surface wind, so it demonstrates how fetch affects annual range in a particularly simple case. Linacre (1969, p. 11) and Linacre (1992, p. 77) proposed that the ATR is proportional to the inland distance d (km) to the power 'n', where n has a value between 0.15-0.44, a typical value being 0.25. The Eurasian transect (Fig. 9 ) implies a power value of 0.18 until the Ukrainian plains, and 0.20 further inland. The illustrated curves are represented by the following equations for the apparent ATR, R je (K):
where L is the absolute value of the latitude (degrees) and d the zonal distance inland (km). The slope constant (0.14) in Eq. (3a) was chosen to minimise the bias in Fig. 9 and other transects, while Eq. (3b) results from a regression of the data shown in Fig. 9 (d<3000 km). The slope is less in Europe (Eq. 3b) than in Asia (Eq. 3a) because of the proximity to various inland seas to the north and south (listed in Fig. 9 ), which all contribute to moderate the ATR in Europe, as discussed below. The number 15 in Eqs. (3) is necessary to allow for a non-zero ATR at the coast (d ¼ 0). The apparent ATR at coastal stations with prevailing onshore winds is about 9 K between 0-60 latitude ( Fig. 5 ) and Eq. 3b shows that this implies a distance inland of roughly 15 km (i.e. [9=(30 Ã 0.11)] 1=0.18 ), i.e. the ATR increases as though it starts from zero at a point 15 km off the upwind shore.
Equation (3) indicates that ATR estimation is not sensitive to errors in the inland distance: the relative error in ATR is only one fifth of the relative error in distance. This confirms that it is reasonable to reckon the fetch as effectively the zonal distance to the upwind shore, as a surrogate of the actual path.
Equation (3a) is shown to be a good approximation in a transect from the Pacific coast at about 46 N in North America (Fig. 10) . A jump of about 3 K is highlighted by a dashed line at 1300 km. This abrupt increase corresponds to eastern edge of the Rockies, and is explained as follows. The Great Plains east of the Rockies are frequented in winter by shallow cold currents, trapped in their southward progression by the Rockies. The ATR gradually declines to the value of Eq. (3a) further east, on account of warm-air intrusions arising over the Gulf of Mexico and the Gulf Stream, and possibly the moderating influence of the Great Lakes. Figure 10 and other transects suggest that Eq. (3a) is a suitable approximation for the inland variation of ATR in the northern hemisphere except Europe.
Two transects at 26 S and 32 S (Fig. 11 ) also show a peak ATR in the lee of a mountain range, the Andes. Note that the distance inland d in Eq. (3) is calculated from the west coast on the west side of the Andes. East of the Andes it is calculated from the east coast at 26 S, and from both east and west coasts at 32 S (Section 3.2), according to the prevailing winds (Table 1) . Equation (3a) most appropriate on the west coast As in North America, the ATR is underestimated by about 3 K in the lee of the Andes at 32 S. The influence of topography on ATR will be discussed further in Section 4.
Proximity to an ocean to the south or north
The ATR at a place in the vicinity of an east-west oriented coastline is less than expected from the latitude and the distance to the zonally-upwind coast. For instance, the ATR at New Orleans (30 N) is 3 K less than at Austin Texas, which is at the same latitude but closer to the upwind coast, i.e. the Pacific (Table 1) . The influence of an ocean to the south or north decreases inland: the ATR increases at a rate of 1.1 K= between New Orleans and St Louis to the north, more than twice the average rate over land (Section 2.2). The influence of a meridional ocean is most close to the coast. At low latitudes, and very close to the coast, this is due to sea breezes, which reduce the summer daytime maxima, and also the ATR. But the influence extends further inland than the typical sea breeze penetration depth, especially at higher latitudes. That is because of transient meridional winds, even where a westerly wind prevails. For instance, the passage of a frontal system implies a transition from poleward to equatorward winds. The cumulative effect of these transient winds appears significant in a belt 400-800 km wide from the coast to the south or north. Three transects in North America (Fig. 12 ) where y is the meridional distance from the coast (km) and L the latitude ( ). For instance, Halifax (Canada) at 44.5 N is 10 km north of the Atlantic, so the factor M is À 6 K. Places where M has to be taken into account include the Gulf and East Coasts of North America, east of 95 W, Central America (85-103 W), and the south coast of West Africa, in a belt whose width y is determined by the requirement that M is negative. There are other north and south coasts, in Brazil, Australia and East Asia. Transects of the type shown in Fig. 12 indicate that no correction appears necessary in these regions. The factor M is halved if the zonal wind shifts seasonally (Section 3.2) and there is a long fetch over land in only one of the seasons.
Effect of inland seas
In LG02 it was shown that inland seas have no significant effect on the annual-mean temperature. The same is not true for the ATR (Fig. 3) . The relatively low ATR in Eastern Europe (Fig. 9 ) is attributed to inland seas to the north and south, in particular the Mediterranean Sea. Therefore we examine the ATR at places along the Mediterranean coast of Africa (Fig. 13) . The prevailing wind is westerly here, at least in winter (Table 1) , so the distance is calculated from the west. There is a rapid ATR increase from 6 K at Tangier to 13-14 K at places about 400 km further east. This may be due to a topographic barrier (Section 4), i.e. the high terrain in southern Spain and northern Morocco, interrupted only by the Strait of Gibraltar. The 'latitudeadjusted' ATR in Western Europe starts at about the same value (6 K) as at 36 N, but it increases more steadily inland, and it exceeds the ATR at the North African coast beyond 1200 km inland (Fig. 13) . The ATR around the eastern Mediterranean Sea is quite uniform around 14 K.
In short, the absence of an increase in ATR beyond 500 km along the African coast is attributed to the Mediterranean Sea. Therefore we will assume that the ATR for places within the coastal fringe of the Mediterranean is limited to that corresponding to 500 km from the Atlantic Ocean. The coastal fringe is about 75 km wide (LG02), in any direction.
Smaller seas and even lakes too may have an effect on the ATR (Fig. 3) . For instance, the ATR in Milwaukee, on the upwind (western) side of Lake Michigan, is 2.7 K larger than at Muskegon 130 km downwind on the eastern shore. The ATR at Grand Rapids, just 60 km further in the interior of Michigan, is 1.8 K larger than at Muskegon, so the mitigating effect of a lake on the downwind ATR appears to be only local. The magnitude of this effect depends on the typical fetch over water and the lake's depth, which affects the ATR of the surface water.
In view of the evidence above, the influence of lakes and inland seas (other than the Mediterranean Sea) will be ignored in estimating the ATR. 
Elevation
Elevation itself might directly affect the ATR, through reduced absorption of outgoing longwave radiation by a rarified atmosphere and more exposure to upper level winds. The difference between the lapse rate of January mean temperatures and that in July in the eastern Himalayas (Fig. 14) implies an ATR decrease with elevation of 1.1 K=km. A single side of the Tibetan Plateau was chosen to minimise the effect of various distances inland on ATR. Also, the mountain-barrier effect (Section 4.3) is insignificant in this case, because the prevailing wind direction is variable (Fig. 8) .
The following four findings, selected for regions where the effects of distance inland and mountain barriers should be small, confirm this small decrease of ATR with elevation:
* data from places more than 300 km inland near 45 N in the western USA give a decrease of about 1. In short, the evidence indicates a typical ATR lapse rate with elevation at 1-2 K=km. The lapse rate may be proportional to latitude. Other factors than altitude clearly are at play, namely the distance inland, the barrier effect of mountains, and the shape of the local terrain, which controls the development of valley inversions in winter. This is illustrated in Fig. 15 . At first glance the ATR appears independent of elevation, and it merely increases with latitude. The ATR at low-elevation stations around the Andes between 22-32 S has a large spread because the chosen stations lie both east and west of the Andes mountains. Marine airmasses on the west side of the Andes explain the small ATR there, but they do not cross the mountains. The ATR decreases with elevation at about 1.4 K=km but only on the eastern side of the Andes between 22-32 S. Other topographic factors, discussed below, have a larger influence on ATR than elevation itself, in fact they may be responsible for the observed change of range with elevation. Therefore the elevation of a place will not be used in the quantitative estimation of its ATR based on geographical factors.
Shape of the terrain
The ATR tends to be greater in a valley than on an adjacent hilltop. The effect of complex terrain on ATR is apparent in Fig. 9 : the station-tostation ATR difference is small in the first 5500 km, which are flat, and greater around 6000 < x < 8000 km over Mongolia's mountains. In Switzerland, the ATR in valleys is about 5 K larger than that on mountain tops at the same elevation (Fig. 16 ). Because the ATR in the free atmosphere aloft is not affected by terrain conditions below, this implies that the low-level static stability varies seasonally in mountainous regions. The lapse rate is close to dry-adiabatic in a deep boundary layer above a mountain valley in the summer, with only shallow, short-lived nocturnal inversions, but in winter cold air ponds in the valleys, causing deep inversions that may be strong enough to persist for many days, especially when a high-pressure region settles over the Alps. Deep inversions do not develop on mountains or hills, because cold air drains, and=or because of mixing by stronger winds. Several studies have documented lower minimum temperatures in valleys and lowlands, compared with that on hills and ridges, for instance in Germany (Geiger, 1965, p. 440) , the Carpathian Mountains (Hess, 1968b, p. 63) and in northern Alaska (Zhang et al., 1996) . The effect is more pronounced at higher latitudes, because of the larger amplitude of the annual cycle of radiative forcing, and in regions with weak winds. The seasonal change in low-level stability is illustrated by means of station observations between 1951-1980 at 87 places in Wyoming, at elevations ranging from 1076 to 2888 m (Martner, 1986 ). The July mean lapse rate of daily maximum temperatures with station elevation is 5.6 K=km, while the January mean lapse rate of daily minima is only 1.3 K=km for the same 87 stations. The correlation with elevation is strong in the former case (the correlation coefficient r ¼ À 0.82), but weak in the latter (r ¼ À 0.14). That is because daily minima strongly depend on local terrain shape.
A topographic concavity factor has been contrived to quantify the effect of terrain shape on ATR. For a valley the concavity is defined as the average depth of the valley divided by the distance between the peaks or ridges on opposite sides. The concavity is zero for flat terrain. For a mountain location the concavity is negative (i.e. the terrain Fig. 16 . Effect of elevation and terrain shape on the ATR R j in Switzerland. Linear regression gives a slope of À 2.2 K=km for these 12 observations Empirical estimation of the annual range of monthly-mean temperaturesis convex) and is the height of the mountain divided by its typical width. The derivation of a concavity factor from detailed topographic charts entails some inherent subjectivity. The scale of the relief that determines topographic concavity is the one that controls the thermally forced airflows. For instance, for a valley location, the main ridgeline above the valley should be used, rather than the distant mountain peaks. Figure 17 shows that topographic concavity correlates well with ATR at 21 select stations in Colorado and Wyoming (r ¼ 0.83). (The central Rocky Mountain region was chosen because of its variety of terrain, and its remoteness from an ocean.) Figure 17 confirms that higher-elevation places (shown as solid dots) tend to have a smaller ATR (Section 4.1). More significantly, places in terrain concavities generally experience a higher ATR than plain and ridge locations, no matter what their elevation above sea level is.
Landform clearly affects the ATR, at least at middle and high latitudes. It contributes to, or may be entirely responsible for, the observed decrease of ATR with elevation mentioned in Section 4.1: a linear regression of the 12 data points in Fig. 16 gives a lapse rate of 2.2 K=km, yet upon grouping stations according to local topography, this lapse rate can be seen to be smaller, about 1.5 K=km (dashed line in Fig. 16 ). Places between 2-3 km in Fig. 15 (12-22 S) are on the flanks of the Andes, while places above 3 km are on the Altiplano between the Cordilleras Occidental and Central, shielded from the oceans' influence. This may explain the slight increase of ATR with elevation above 2,500 m between 12-22 S (Fig. 15) . The shape of the terrain will not be included in the estimation of ATR, not because its effect is insignificant, but because topographic concavity is not a readily available geographic determinant, and because its effect probably varies with latitude and mean wind speed.
Upwind topographic barriers
The ATR increases inland more rapidly in North America (Fig. 10 ) than in Western Europe around the same latitude (Fig. 9) , because the inland penetration of marine airmasses is blocked by high and continuous mountain ranges like the Cascade Mountains. These barriers allow the inland airmass to adjust to a radiative equilibrium over land, implying a large ATR. Therefore a place just inland of a coastal mountain range will have an ATR that, in the absence of mountains, would only be found much further inland. The strength of this 'barrier effect' can be measured in terms of the horizontal ATR gradient across a mountain ridge.
The Andes Mountains, for instance, act as an effective barrier, with a large east-to-west ATR (Fig. 15 ) and especially around 30-40 S (Fig. 18) . The Andes is high and continuous enough to separate airmasses, resulting in large gradients in temperature, humidity and wind direction. At low latitudes (0-20 S), where easterlies prevail, the Andes confine humid equatorial air to the Amazon Basin. Strong westerlies do cross the southern Andes (30-50 S), which are lower, but the f€ o ohn effect dries out the transcending airmasses.
Two zonal transects across North America illustrate that mountain ranges coincide with sudden increases in ATR. The Cascades mainly act as a f€ o ohn barrier in winter and as an airmass separator in summer (Fig. 19) . The coastal mountains at 50-100 km inland around 47 N have little effect, because they are low and contain large gaps. The much drier air on the downwind (eastern) side of the Cascades implies fewer clouds and therefore larger daily and also annual temperature ranges. Figure 20 demonstrates that the San Bernardino Mountains surrounding the Loss Angeles Basin effectively block the penetration of marine air eastward. Except during infrequent winter storm events, the marine air is capped by a subsidence inversion, and the ambient westerly winds are weaker than further north, therefore the mountains simply separate airmasses. The mean relative humidity drops dramatically over less than 200 km, and the ATR increases from about 6 K near the coast to over 20 K. The ATR hardly increases further inland (Fig. 20) . Surface winds have mainly a westerly component in the transect of Fig. 20 , but they are not persistent and southeasterly winds prevail in summer in the eastern half of the transect (Fig. 8) . The latter advect moisture from the Gulf of Mexico, hence the mean relative humidity east of the Sangre de Christo Mountains is higher than that at intramountain places to the west, at the same altitude. As a result the ATR starts to decrease east of the continental divide near the Mogollon Plateau (Fig. 20) . Fig. 18 . The difference between January-mean and Julymean temperatures in South America (LG97, p. 63). The lines labeled zero separate places where January is hotter than July from those in the north, where the reverse is true. The shaded area shows mountains higher than 1,500 metres It was shown in Section 3.3 that the mountain barrier effect enhanced the ATR by about 3 K above the value predicted by Eq. (3a), and that the effect did not extend far in the lee of the Rockies (Fig. 10 ) and the Andes (Fig. 11) , in part because transient meridional winds reduce the ATR further to the east. The transect of Fig. 20 confirms the existence of an ATR barrier enhancement, B, and its containment within about 1000 km downwind of the main mountain barrier.
The barrier enhancement is obvious also in the shorter transects from the coasts at Sydney and Los Angeles (Fig. 21) . In both cases blocking terrain exists about 100 km inland. The Californian San Bernardino Mountains are higher than the Blue Mountains in Australia, but there are no stations on top of the former along the transect shown in Fig. 21 . Equation 3 is a good approximation to the ATR across both coastal plains, and in both cases the best approximation includes a 3 K increment at the inland edge of the topographic barrier. Inland of Los Angeles a larger jump occurs, because of the greater height of the San Bernardino Mountains: this implies more effective blockage of marine airmasses, as demonstrated by the large humidity gradient across the mountains (Fig. 20) . The ATR inland of Sydney decreases at a short distance west of the Blue Mountains, because of the influence of maritime airmasses frequenting this area from the (south)west, mainly in winter (Table 1) .
In summary, mountain barriers enhance the ATR in two ways: they inhibit easy penetration of marine air inland, mainly at low latitudes (Fig. 20) ; and if the marine air does cross the barrier, which is more common at middle to high latitudes, it is drier on the lee-side, and drier, cloud-free air implies a larger ATR (Fig. 19) . A Table 3 . Estimation of true ATR R te , in terms of the prevailing wind direction (westerly W or easterly E in winter=summer), the zonally-upwind distance from the sea d (km), and a correction either for the barrier enhancement (B ¼ 3 K) or for the proximity to an ocean to the north or south M (K). The choice of the appropriate version of Eq. (5) representative value for the mountain barrier enhancement B is 3 K. The regions where this effect is significant are summarised in Table 2 .
Estimating the annual range
Corrections for elevation (Section 4.1), for the shape of the local terrain (Section 4.2), and for inland seas except the Mediterranean Sea (Section 3.5), are small or uncertain compared with the influences of latitude and fetch. The following first-order estimate R te for the true ATR is proposed:
Equation (5) is identical to Eq. (3), with adjustments for (a) apparent ATR deficit (A, see Fig. 2 ) as estimated by Eq. (1b) the mountain barrier enhancement B (Table 2) , and (c) the presence of an ocean to the south or north (M, given by Eq. 4). Equation (5b) applies in N, d<3000 km) and for all southern-hemisphere locations, except in South America west of the Andes (d<200 km). Equation (5a) applies elsewhere. For places within the 'fringe' of the Mediterranean Sea (i.e. within 75 km), the distance inland d is the lesser of the actual distance from the Atlantic Ocean, and 500 km. Table 1 is needed to determine the zonal wind direction. If according to Table 1 the wind directions change seasonally, then one adopts the procedure outlined in Section 3.2: at Shanghai for instance one calculates the ATR as the average of R te for a station 10,000 km inland from the Atlantic, and R te for an east coast site at that latitude.
The estimation of true ATR (Eq. 5) has been tested for a selection of 54 places (Table 3) . Their locations differed widely as regards distance Table 3 is þ 0.3 K, with an mean absolute error of 1.0 K. The relative error averages at 6% but is typically much larger at places with a small ATR. Therefore it tends to decrease with latitude, however poleward of [15] [16] [17] [18] [19] [20] it is rather independent of latitude. The mean absolute error is of the same order of magnitude as that of the various effects ignored in the estimation procedure. Some large errors in Table 3 can be interpreted in the context of these effects. For instance, an enhanced exposure to marine influence would explain ATR overestimates at Halifax (on a peninsula jutting out into the Atlantic Ocean), Beirut (with a long fetch over the Mediterranean, and a mountain barrier to the east), and Capetown or Dakar (both on a cape surrounded by ocean). And the July temperature at Churchill is 3.6 K lower than at Brochet Man, located some 420 km west of Churchill. The latter is at the shore of the Hudson Bay. January temperatures at these two places are identical within 0.5 K, because of the ice cover over the Hudson Bay. The result is that the Churchill ATR is overestimated by some 2 K.
January and July mean temperatures
January and July mean temperatures can be estimated by combining the apparent ATR R je given in Eq. (5) (without the term A) with the annualmean temperature T e , derived in a previous paper (LG02). For the latter, the 'look-up method' is used (LG02). Monthly-mean estimates are given by [T e AE 1=2 R je ]. Table 4 shows a comparison of these estimates with observed values for the 54 places listed in Table 3 .
The absolute errors span from 0.1 to 2.6 K, and their average (for 54 stations and two months) is 1.0 K. On average, the January (July) temperature estimates are 0.03 K (0.19 K) too high. The absolute error of the July and January temperature estimates is independent of latitude and distance inland (jrj<0.20). Some errors can be attributed largely to the ATR estimation, e.g. the ATR is under-estimated for Perth and La Rochelle, while it is overestimated for Ulaan Baatar. In other cases the error in annual-mean temperature estimation dominates, e.g. T e values are too high for Moscow and Chicago, while they are too low in Yellowknife, Lisbon and Mildura. The mean absolute error for seasonal temperature estimates (1.0 K) combines the uncertainties of annual mean and range, therefore it is larger than the contributing errors alone, i.e. that of the annual-mean estimate (0.7 K, LG02), as well as half of the ATR error (0.5 K, Section 5).
The estimates of annual mean temperature and its seasonal range can further be used to approximate the mean temperature for any month, at Table 4 . Validation of empirically estimated January and July mean temperatures, T e,jan and T e,jul , for the locations listed in Table 3 . The estimation uses the annual-mean temperature T e (based on the look-up method, LG02) and the ATR (Section 5). The error (ÁT jan ) is the difference between estimation (T e,jan ) and observation (T jan ) least for places where the seasonal cycle is symmetric, i.e. where the extreme temperatures occur in January and July. This is true at most places poleward of 40 , except for some west coast locations, which tend to lag by one or even to months (Section 2.1). It is possible to guesstimate location from the combination of annual mean and annual range of screen temperatures. The procedures outlined in Section 5 and in LG02 are inverted to estimate the latitude L (degrees), elevation h (m), and distance inland d (km) from the observed mean temperature T o ( C) and its apparent annual range R jo (K). These procedures involve more input parameters than the above three key geographic determinants, so four further simplifications are required. Firstly, the third method given in LG02 is used to estimate the annual-mean temperature of a place. This method ignores variations from the zonal-mean elevation-adjusted temperature. The mean absolute error of this method is 1.5 K for the 46 places listed in LG02. Secondly, the difference between hemispheres is ignored in the application of this method. This increases the mean absolute error to 2.2 K. Thus:
Thirdly, the effects of seas to the north or south (M) and of any mountain barrier (B) are neglected in estimating the ATR. Fourthly average values are assumed for the coefficient and power in Eq. (5). Thus:
The mean absolute error of Eq. (6b) it is 2.6 K, for the 54 places listed in Table 3 C, such as Madras in India, because that selection yields the best match for Eq. (6a). The distance d therefore is undetermined (Eq. 6b). In other words this procedure cannot discriminate the location of hot low-latitude places. This is not surprising since the ATR at these places is very small (Fig. 3) and the annual-mean temperature nearly uniform (LG02).
This procedure is tested for some examples in Table 5 . The main uncertainty regards Eq. (6a): a low temperature can be due either to a high latitude or to a high elevation. Equation (6b) does not influence this choice because the ATR is independent of elevation. In the case of Ulaan Baatar, the minimization technique settles with too high Table 5 .
Discussion
The errors in ATR estimation are of the same magnitude as the interannual variability of ATR. That variability can be represented by the standard deviation of ATR values over 30 years, say. The standard deviation of ATR for the NNGR grid boxes in which the 50 places listed in Table 3 range from 0.2 K to 3.8 K, over the period . The estimation errors of ATR (Section 5) and of January and July mean temperatures (Section 6) are within the scope of such variability.
There are some similarities, and some differences, in the geographic factors influencing the annual-mean temperature (LG02) and its annual range. Latitude is the primary factor for both. The second key factor affecting the annual mean is elevation, which does not directly affect the ATR. Instead the ATR is strongly dependent on inland fetch. Upwind distance from the sea (in any direction) is of little significance to the annual mean. Some similarity exists again at the third level: a zonal variation of mean temperature occurs across many continents, especially if a mountain range occurs near the west coast; and the ATR increases rapidly across a mountain range blocking the airflow. The effects of inland seas, land use, and local shape of terrain, on either annual mean or ATR, are ignored in these studies. These small-scale effects, especially the terrain shape, influence the ATR more strongly than the annual mean. It is not surprising, then, that the estimation error for the ATR (1.0 K, Section 5) is larger than that for the annual mean (0.7 K, LG02).
It is noteworthy that the belt of maximum ATR at a given latitude, in the lee of a mountain range, sometimes coincides with the belt of highest annual-mean temperature (the 'thermal ridge', LG02), for instance in South America (10 À 40 S). More generally, as in North America, the thermal ridge is to the west of the belt of maximum ATR.
The main weakness of the ATR estimation method presented herein is the assumption that the on-land fetch can be approximated by the distance to the coast in a zonal direction, rather than in the actual direction of the prevailing wind. This assumption loses validity in the pcoximity of an ocean to the south or north. The introduction of the meridional ocean factor M (Section 3.4) attempts to compensate for this weakness. ATR errors as large as 6 K result without this correction (Fig. 12) . It is not clear why this factor is needed in some cases, as in North America, and not in others, as in Australia and other low-latitude regions. One possibility is that at higher latitudes an ocean to the north or south is felt through transient meridional winds (a characteristic of midlatitude frontal systems) even when the prevailing wind is westerly. These transient winds presumably adjust to the underlying surface over the width of the belt where M is significant (400-800 km).
Finally, the empirical nature of this study is emphasised. The next step is to physically interpret the empirical relationships presented here and in LG02 by means of atmospheric circulation models, using both idealised and actual outlines of continents and mountains. In particular there is the intriguing dependence of the ATR on fetch to the power of 0.2.
Conclusions
* The annual range of screen-level air temperatures (ATR) is larger over extratropical continents than over adjacent oceans. The ATR over land increases approximately linearly with latitude, at 0.3-0.5 K= .
* The ATR increases with the distance downwind of an ocean, but the relative change of ATR is only one fifth of that of distance. The ATR depends on the direction of the prevailing winds, but not on their speed. For an approximate estimate of the ATR, only the zonal wind direction is considered, though a correction for proximity to an ocean to the north or south is preferably included. * The ATR is affected by topography in three different ways: it increases rapidly across any large mountain chain that blocks the prevailing wind, especially if the ridge is near the coast; it is larger in valleys than on ridges; and it decreases slightly with elevation (1-2 K=km). These effects are proportional to latitude. * The ATR is affected by the presence of inland seas and large lakes, and the influence increases with the sea's size. * A first-order estimation of ATR is based primarily on latitude and zonal distance inland, with adjustments for blocking mountains and the proximity of an ocean to the north or south. Its application to 50 independently selected places yields an mean absolute error of 1.0 K and a bias of 0.3 K. * The estimates of the annual-mean temperature (LG02) and the ATR can be combined to obtain temperatures for July and January for any location, with a mean absolute error of 1.0 K. * Latitude, distance inland and elevation can be roughly deduced from the combination of observed annual mean and range of temperatures. The underlying empirical relationships represent an advance on the merely qualitative generalisations customary in education, and lend themselves readily to software applications.
